We report the identification and characterization of two distinct GnRH receptor (GnRH-R) subtypes, designated GnRH-R1 and GnRH-R2, in a model teleost, the medaka Oryzias latipes. These seven-transmembrane receptors of the medaka contain a cytoplasmic C-terminal tail, which has been found in all other nonmammalian GnRH-Rs cloned to date. The GnRH-R1 gene is composed of three exons separated by two introns, whereas the GnRH-R2 gene has an additional intron and therefore consists of four exons and three introns. The GnRH-R1 and GnRH-R2 genes, both of which exist as single-copy genes in the medaka genome, were mapped to linkage groups 3 and 16, respectively. Inositol phosphate assays using COS-7 cells transfected with GnRH-R1 and GnRH-R2 demonstrated that they had remarkably different ligand sensitivities, although both receptors showed highest preference for chicken-II-type GnRH. Phylogenetic analysis showed the presence of three paralogous lineages for vertebrate GnRH-Rs and indicated that neither GnRH-R1 nor GnRH-R2 is the medaka ortholog to mammalian GnRH-Rs that lack a cytoplasmic tail. This, together with an observation that medaka-type GnRH had low affinity for GnRH-R1 and GnRH-R2, suggests that a third GnRH-R may exist in the medaka. (Endocrinology 142: 4729 -4739, 2001) 
G nRH IS A decapeptide widely known for its critical role in vertebrate reproduction. GnRH synthesized in the preoptic/hypothalamic area is transported to the pituitary where it stimulates the synthesis and release of gonadotropins (1, 2) . In addition to the preoptic/hypothalamic GnRH, one or two other GnRH forms have been found to be expressed in the extrapreoptic/hypothalamic area within the central nervous system of most vertebrates (3) (4) (5) . Intriguingly, one of these extrapreoptic/hypothalamic forms, designated chicken-II-type GnRH (cGnRH-II), is conserved among vertebrates from cartilaginous fish to mammals. This conserved form is produced universally in the midbrain tegmentum. The cGnRH-II is suggested to be important in neuromodulation, although its precise function remains to be elucidated (3) (4) (5) .
GnRHs exert their actions through interactions with specific receptors that belong to the rhodopsin-like G proteincoupled receptor (GPCR) family (5, 6) . GnRH receptors (GnRH-Rs) have been isolated from several mammalian and nonmammalian vertebrate species (6 -16) . Notably, the mammalian GnRH-R has a unique feature in that it is the only GPCR cloned to date that has a truncated cytoplasmic Cterminal tail. It is hypothesized that the cytoplasmic tail was lost on the evolutionary lineage between nonmammalian vertebrates and mammals (10, 12) . It has also been suggested that multiple subtypes of GnRH-R are present in individual vertebrate species, based on increasing evidence showing the occurrence of varied GnRH ligand forms in one organism and the distribution of GnRH-binding sites (17) . Nevertheless, until quite recently, only a single subtype of GnRH-R had been isolated from each species. Troskie et al. (18) , however, have obtained the partial sequences for two candidate GnRH-R genes in the goldfish Carassius auratus, zebrafish Danio rerio, Xenopus laevis, and lizard Agama atra. Subsequently, three full-length GnRH-Rs have been isolated in the bullfrog Rana catesbeiana (19) . Neill et al. (20) have cloned second primate GnRH-Rs, which have a cytoplasmic Cterminal tail, unlike other mammalian GnRH-Rs isolated so far. The multiplicity of GnRH-Rs in one organism then raised the following questions: (a) Do other vertebrates besides the bullfrog and primates also have multiple GnRH-Rs; (b) do they have different structural, pharmacological, and/or physiological characteristics; and (c) what are the phylogenetic relationships among multiple GnRH-Rs?
To answer these questions, we have taken one freshwater teleost fish, the medaka Oryzias latipes, as an experimental model system. This fish is a promising model organism for reproductive, developmental, phylogenetic, and genetic studies because of its many useful characteristics such as its well-established reproductive biology and genetics, short generation time, and availability of a large number of inbred strains and mutants (21) (22) (23) . Our previous study demonstrated that the medaka possesses three molecular forms of GnRH in its central nervous system; medaka-type GnRH (mdGnRH) expressed in the preoptic area probably as the stimulator of gonadotropin secretion, cGnRH-II in the midbrain tegmentum, and salmon-type GnRH (sGnRH) in the terminal nerve ganglia (24) .
In the present study, we report the presence of two distinct GnRH-R subtypes, termed GnRH-R1 and GnRH-R2, in the medaka. We have isolated the cDNAs encoding these two GnRH-Rs and determined the nucleotide sequence, structural organization, copy number, and chromosomal assignment of their genes. The ability of the cloned receptors to couple to the inositol phosphate (IP) second-messenger pathway was investigated using COS-7 cells transiently expressing the GnRH-Rs. In addition, we propose a novel classification of vertebrate GnRH-R subtypes based on phylogenetic analysis in combination with the differences in their protein and gene structures and pharmacological characteristics.
Materials and Methods

Isolation of the medaka GnRH-R cDNAs
One medaka strain, himedaka (orange-red variety), was purchased from a local dealer. The brains from 50 adult fishes were pooled for RNA extraction. Total RNA was prepared with ISOGEN (Nippongene, Tokyo, Japan), and subsequently poly (A)
ϩ RNA was purified with Oligotex-dT 30 (Takara, Shiga, Japan). Double-strand cDNA was synthesized using a Marathon cDNA amplification kit (CLONTECH Laboratories, Inc., Palo Alto, CA). Degenerate primer pairs, R1-F0 (5Ј-TA(C/T)AA(C/ T)ATGTT(C/T)ACITT(C/T)TCITG-3Ј; nt 1075-1097)/R1-R0 (5Ј-A(A/ G)IA(A/G)(A/G)TA(A/G)TAIGGIGTCCA(A/G)CA-3Ј; nt 1288 -1310) and R2-F0 (5Ј-TGGAA(C/T)(A/G)TIACIGTICA(A/G)TG-3Ј; nucleotide position (nt) 538 -557)/R2-R0 (5Ј-TG(A/G)AACCA(A/G)TAC-CAIA(C/T)ICC-3Ј; nt 1087-1106), were used to amplify transmembrane (TM) domain coding regions of the GnRH-R1 and GnRH-R2 cDNAs, respectively. PCR was performed in a thermal cycler PC-701 (Astec, Fukuoka, Japan) in 20 l containing 1ϫ PCR buffer (Takara), 200 m of dNTPs (Takara), 0.5 U Taq DNA polymerase (Takara), 0.5 m each of the primer pair, and an appropriate amount of the brain cDNA template. The PCR cycle protocol was as follows: 94 C for 1 min, 40 cycles of 94 C for 30 sec, 52 C for 30 sec, 72 C for 30 sec, and 72 C for 7 min. The PCR products were analyzed on 2.0% agarose gels and ligated into pBluescript SK (Ϫ) (Stratagene, La Jolla, CA). The plasmid DNA was purified, and both strands of the DNA were sequenced using a DNA sequencer SQ-5500 (Hitachi, Tokyo, Japan).
After determination of the partial cDNA sequences, rapid amplification of cDNA ends (RACE) was carried out to isolate the full-length cDNAs as described before (13) . Gene-specific primers, R1-F1 (5Ј-AAAACGTTTCCTCCGACGAGCCG-3Ј; nt 1178 -1200)/R1-F2 (5Ј-GCCGCATCTGCGCTGCTCAAAG-3Ј; nt 1197-1218) and R2-F1 (5Ј-CAGGTGAATCACATCTTCGTCGCAGC-3Ј; nt 962-987)/R2-F2 (5Ј-GTGCTGGACGCCATACTACCTGCTG-3Ј; nt 1062-1086) were designed to use as primary/nested primers for 3Ј-RACE of the GnRH-R1 and GnRH-R2, respectively. Primers, R1-R1 (5Ј-TTTTTT-GGTCATCTGCTTGGAGATCTG-3Ј; nt 1179 -1153)/R1-R2 (5Ј-GTAGCAGATGATCATGATGATGAGC-3Ј; nt 1113-1137) and R2-R1 (5Ј-GGCGTGCATGGCAAACAGCTTCAGG-3Ј; nt 594-618)/R2-R2 (5Ј-GCAGAGCA-GCTTGCACAGAGCGTC-3Ј; nt 568 -591) were also designed as primary/nested primers for 5Ј-RACE of the GnRH-R1 and GnRH-R2, respectively. Electrophoresis, subcloning, and sequencing were performed as described above.
Sequence analysis was performed using Sequencher software version 3.1.1 (Hitachi) and SeqEd software version 1.0.3 (Perkin-Elmer Corp., Branchburg, NJ). The nucleotide sequence was determined by analyzing more than four clones from distinct amplifications to avoid PCR errors.
Comparison of the GnRH-Rs of the medaka and other vertebrates
The deduced amino acid sequences of the GnRH-Rs in the medaka and other vertebrates were aligned using CLUSTAL W (25) with default setting. Sequence identity among TM domains I-VII in the GnRH-Rs of the medaka and other vertebrates was calculated using Mac Vector version 6.0 (Oxford Molecular, Beaverton, OR).
Isolation of the medaka GnRH-R genes
Genomic DNA was extracted from the muscle of a medaka strain, himedaka, as described elsewhere (26) . The two GnRH-R genes were isolated by means of PCR amplifications of partial sequences and alignment of the contigs by sequence analysis. The following primer pairs were used to amplify GnRH-R1 and GnRH-R2 genes: for the GnRH- The PCR products were electrophoresed on 2.0% agarose gels and ligated into pCR-TOPO vector (Invitrogen, Groningen, The Netherlands). The plasmid DNA was purified, and both directions of the DNA were sequenced using two DNA sequencers, Long-Read Tower (Amersham Pharmacia Biotech, Buckinghamshire, Little Chalfont, UK) and SQ-5500 (Hitachi). Sequence analysis was performed as described above. Within introns, several nucleotide sequence differences, which could be owing to interspecific polymorphisms, occurred. Thus, only the consensus sequences were deposited into the database.
Genomic Southern blot analysis
Genomic DNA of the himedaka was digested with DraI, Eco T14, HindIII, or PstI. Ten micrograms of DNA were electrophoresed on 0.8% agarose gels and transferred to nylon membranes (Hybond-N ϩ ; Amersham Pharmacia Biotech). Digoxigenin-labeled cDNA probes for GnRH-R1 (323 bp) and GnRH-R2 (270 bp) were generated by PCR amplification with DIG DNA labeling mix (Roche, Grenzach-Wyhlen, Germany) and primer pairs, R1-F9 (5Ј-TGCCTGGACCCCATCATCTACG-3Ј; nt 1405-1426)/ R1-R9 (5Ј-CCCGGTGTGAACATAGCATCAGACG-3Ј; nt 1703-1727) and R2-F8 (5Ј-CCAGCCTGACATGCTACGTGTC-3Ј; nt 1104 -1125)/ R2-R8 (5Ј-AATGCGAACGAGCGGTCCAGTG-3Ј; nt 1352-1373), respectively. The membranes were prehybridized at 68 C for 2 h with hybridization buffer containing 5ϫ SSC, 1% blocking reagent (Roche), 0.1% N-lauroyl-sarcosine, and 0.02% SDS. Hybridization was carried out overnight at 68 C with the hybridization buffer containing the labeled probes. The membranes were subsequently washed with 2ϫ SSC containing 0.1% SDS and with 0.1ϫ SSC containing 0.1% SDS. Signals were visualized with antidigoxigenin antibodies conjugated to alkaline phosphatase and CDP-Star as a substrate (Roche).
Interspecific backcross mapping
Several parts of the GnRH-R genes of two inbred strains of the medaka, HNI and AA2, were sequenced. Insertion/deletion polymor-phisms between the two strains were found within intron B of the GnRH-R1 gene and intron A of the GnRH-R2 gene. The following primer pairs were designed to amplify the polymorphism-containing sequences: R1-F10 (5Ј-AGGACAGTCAAATCTGACCT-3Ј)/R1-R10 (5Ј-TAT-GAGAAAT(C/T)ACTCATCCTTACT-3Ј) and R2-F9 (5Ј-CCCACT-GAAAGTTCTGCATG-3Ј)/R2-R9 (5Ј-ATCAGTCAGGAGATTCTGCT-3Ј) for the GnRH-R1 and GnRH-R2 genes, respectively. PCR amplification of the HNI and AA2 genomic DNAs with R1-F10/R1-R10 yielded DNA fragments of 110 and 122 bp, respectively. Amplification of the HNI and AA2 genomic DNAs with R2-F9/R2-R9 produced fragments of 103 and 81 bp, respectively. Chromosomal assignments of these two genes were determined using reference-typing DNA panels derived from 39 offspring of a backcross between an HNI/AA2 male F1 and an AA2 female parental line (27) . Genotypes were analyzed by amplification of the polymorphic DNA regions followed by 10% PAGE. PCR was carried out under a cycle protocol of 94 C for 1 min, 40 cycles of 94 C for 30 sec, 50 (GnRH-R1) or 58 C (GnRH-R2) for 30 sec, and 72 C for 30 sec.
IP assay
The cDNAs containing full-length open reading frames for GnRH-R1 and GnRH-R2 were subcloned into the expression vector pcDNA3 (Invitrogen). The plasmid DNA was transfected into monolayer cultures of COS-7 cells in 100-mm dishes using TransFast transfection reagent (Promega Corp., Madison, WI). After 24 h, cells were trypsinized, transferred to 12-well plates (Corning, Inc., Corning, NY), and grown overnight. Cells were subsequently labeled with 2 Ci/ml myo [2- 3 H]inositol (Amersham Pharmacia Biotech) in inositol-free medium (Life Technologies, Inc., Rockville, MD) containing 2% heat-inactivated FCS and 50 g/ml gentamicin. Cells were incubated for 24 h and then washed and preincubated for 15 min at 37 C in IP buffer (1ϫ HBSS, 20 mm HEPES, 20 mm LiCl, and 50 g/ml gentamicin, pH 7.55), followed by stimulation with various concentrations of GnRH ligands in IP buffer for 1 h at 37 C, with gentle agitation. The GnRH ligands used in the assay were mdGnRH (synthesized by Sawady Technology, Tokyo, Japan), cGnRH-II (Phoenix Pharmaceuticals, Inc., Belmont, CA), sGnRH (Sigma, St. Louis, MO), and mammalian-type GnRH (mGnRH) (Sigma). The production of total IP including IP, IP 2 , and IP 3 was assessed as described by Berg et al. (28) . Experiments were performed in triplicate and repeated at least twice. Data obtained were analyzed using PRISM software(GraphPad Software, Inc., San Diego, CA).
Phylogenetic analysis of vertebrate GnRH-Rs
A phylogenetic tree was generated by PHYLIP software (29) using the neighbor-joining method (30) . The full-length GnRH-R polypeptide was used to generate the tree. Bootstrap values were calculated by PHYLIP. The Drosophila GnRH-R homolog was used as an outroot (31 
Results
Isolation of the medaka GnRH-R cDNAs
Degenerate primers were designed based on relatively conserved TM regions among known GnRH-Rs. Amplification of the medaka brain cDNA with these primers yielded the cDNA fragments for two distinct GnRH-Rs, GnRH-R1 and GnRH-R2. The full-length cDNAs for these two GnRH-Rs were subsequently isolated by 5Ј-and 3Ј-RACE. The nucleotide and deduced amino acid sequences for the GnRH-R1 and GnRH-R2 cDNAs are shown in Fig.  1 . Theoretical translation of the sequences indicated that GnRH-R1 and GnRH-R2 are likely to encode 398-and 373-amino acid polypeptides, respectively. Hydrophobicity analysis showed that both GnRH-R1 and GnRH-R2 contained seven hydrophobic putative TM domains connected by three cytoplasmic and three extracellular loops, and extracellular N-terminal and cytoplasmic C-terminal domains, all of which are widely conserved characteristics of GPCRs (data not shown). 3Ј-RACE resulted in the isolation of two cDNA clones with different lengths for each GnRH-R, probably owing to alternative usage of two polyadenylation signals (AATAAA and ATTAAA) in the GnRH-R1 and GnRH-R2 genes (Fig. 1) .
Comparison of the GnRH-Rs of the medaka and other vertebrates
Alignment of the GnRH-Rs of the medaka and those of other representative species is shown in Fig. 2 . The amino acid sequence identity among the species was calculated using relatively conserved TM domains, excluding the highly variable Nand C-terminal domains ( Table 1 ). The medaka GnRH-R1 and GnRH-R2 shared 53% amino acid identity. The medaka GnRH-R1 had highest identity (82%) with the striped bass GnRH-R. The medaka GnRH-R1 also showed relatively high identity of 72% and 65% with the bullfrog GnRH-R1 and GnRH-R3, respectively. On the other hand, the medaka GnRH-R2 exhibited high identity (60 -78%) with the GnRH-Rs of other teleosts except the striped bass.
Isolation of the medaka GnRH-R genes
The nucleotide sequences of the transcribed regions in the GnRH-R1 and GnRH-R2 genes including full intron sequences were determined. The transcribed regions in the GnRH-R1 and GnRH-R2 genes were extended over 7 and 11 kb, respectively, on the medaka genome. Sequence analysis revealed that the GnRH-R1 and GnRH-R2 genes had different exon/intron organizations: The GnRH-RI gene was composed of three exons separated by two introns, whereas the GnRH-R2 had an additional intron and therefore consisted of four exons and three introns (Fig. 3) . The three introns in the GnRH-R2 gene, denoted introns A, B, and C, were located in the extracellular N-terminal domain, TM IV, and the third cytoplasmic loop, respectively (Figs. 1 and 3) . On the other hand, the two introns in the GnRH-R1 gene were located in TM IV and the third cytoplasmic loop, and designated introns B and C, because their positions clearly correspond to introns B and C in the GnRH-R2 gene (Figs. 1 and 3) . Thus, the GnRH-R1 gene lacked intron A. The lengths of introns B and C in the GnRH-R1 gene were 3.39 and 1.08 kb, respectively. The introns A, B, and C in the GnRH-R2 were 2.69, 2.62, and 4.60 kb, respectively. The nucleotide sequences of all introns adjoining the splicing junctions were consistent with the recognized consensus sequence GT/AG. 
Copy number of the medaka GnRH-R genes
Genomic Southern blot analysis was carried out to determine the copy number of the GnRH-R genes in the medaka genome. Hybridization with both GnRH-R1 and GnRH-R2 cDNA-specific probes yielded single signals for each partial digest of genomic DNA as shown in Fig. 4 . The size of the signals obtained was different between the hybridizations with the GnRH-R1 and GnRH-R2 probes. Thus, it can be concluded that each of GnRH-R1 and GnRH-R2 is encoded by a distinct, single-copy gene.
Chromosomal assignment of the medaka GnRH-Rs
The two GnRH-R genes in the medaka were mapped using reference typing DNA panels derived from 39 backcross progenies between the two strains, HNI and AA2. Medaka has 24 chromosomes per haploid, and several hundreds of genetic polymorphic markers in this fish have been classified into 24 linkage groups (LGs) (27) . Thus, one LG should represent one chromosome. The GnRH-R1 and GnRH-R2 genes were mapped to LGs 3 and 16, respectively (Fig. 5) . Independent confirmation for this assignment of the two GnRH-R genes was provided by analysis of other backcross panels derived from 52 offspring between an HNI/AA2 female F1 and an AA2 male parental line.
Pharmacological characterization of the medaka GnRH-Rs
Three native GnRH forms in the medaka (mdGnRH, cGnRH-II, and sGnRH) and a mammalian ortholog of the medaka mdGnRH (mGnRH) stimulated IP production in COS-7 cells transfected with either GnRH-R1 or GnRH-R2 (Fig. 6) . The GnRH-Rs responded in a dose-dependent manner to all four GnRH forms tested. Table 2 shows the EC 50 values of various GnRH ligands pertaining to IP production. GnRH-R1 and GnRH-R2 showed the same preference of sensitivities for GnRH ligands: cGnRH-II Ͼ sGnRH Ͼ mGnRH Ͼ mdGnRH. However, GnRH-R1 exhibited similar preference for all four GnRH forms tested, whereas GnRH-R2 exhibited particular sensitivity for cGnRH-II, compared with the other three GnRH forms.
Phylogenetic analysis of vertebrate GnRH-Rs
A phylogenetic tree of vertebrate GnRH-Rs was generated using the neighbor-joining method (Fig. 7) . The tree constructed using the Drosophila GnRH-R homologue as an outroot showed that the vertebrate GnRH-Rs identified to date fell into three distinct lineage groups. One lineage included the medaka GnRH-R1 in addition to the striped bass GnRH-R, bullfrog GnRH-Rs 1 and 3, and second primate GnRH-Rs. The medaka GnRH-R2 was clustered with the GnRH-Rs of the eel, trout, goldfish (both two receptors termed GfA and GfB), catfish, Xenopus, bullfrog (GnRH-R2), and chicken. Mammalian GnRH-Rs that lack a cytoplasmic C-terminal tail solely formed the third lineage group. High bootstrap values of Ͼ99% were generated for the nodes at the roots of the three lineages, validating these groupings.
Discussion
Structural, pharmacological, and physiological characteristics of the two GnRH-Rs in the medaka
In the present study, we have isolated the cDNAs and genes encoding two distinct GnRH-Rs, designated GnRH-R1 and GnRH-R2, from a model fish species, the medaka. IP assays using COS-7 cells transfected with these receptors confirmed that they are indeed functional receptors, and their ligand selectivities were determined. These experiments have demonstrated several differing as well as several common features of the receptors in terms of structure, pharmacology, and physiology.
Both GnRH-R1 and GnRH-R2 contain seven TM domains and an extracellular N terminus. Each of them also has a cytoplasmic C-terminal tail, which is a common characteristic to nonmammalian GnRH-Rs identified so far. The cytoplasmic tails of the two GnRH-Rs in the medaka, however, share no significant homology. In GPCRs, the cytoplasmic tail has been demonstrated to be associated with receptor desensitization and internalization (32-34). Therefore, it is possible that GnRH-R1 and GnRH-R2 exhibit distinct patterns of desensitization and internalization.
Southern blot analysis revealed that both GnRH-R1 and GnRH-R2 are encoded by single copy genes. These receptors, however, show remarkable differences in gene organization. The GnRH-R1 and GnRH-R2 genes have two introns, termed introns B and C, at identical positions in the genes (TM IV and third cytoplasmic loop, respectively), but there is another intron, denoted intron A, in the extracellular domain of GnRH-R2. All mammalian GnRH-R genes have two introns corresponding to introns B and C in TM IV and the third cytoplasmic loop but lack intron A (6, 20) . On the other hand, the Xenopus GnRH-R contains three introns at the same location as the medaka GnRH-R2 (12) . The conservation of the location of introns B and C supports the idea that multiple GnRH-Rs arose from a duplication event sometime in the past (5, 18) . Although it is unknown whether the ancestral GnRH-R gene was composed of four exons/three introns or three exons/two introns, intron A should be lost or appended in some GnRH-R genes during evolution. In terms of the evolution of the GnRH-R gene, the assignment of the two GnRH-R genes in the medaka to distinct chromosomes eliminates the possibility that these receptor genes have arisen by tandem duplication of their progenitor gene.
When expressed in COS-7 cells, the medaka GnRH-R1 and GnRH-R2 stimulated IP formation in response to GnRH ligands. We used three native GnRH forms in the medaka (mdGnRH, cGnRH-II, and sGnRH) and a mammalian ortholog to the mGnRH as experimental ligands. GnRH-R1 and Highly variable N-and C-terminal domains were excluded for the alignments. GfA, Goldfish GnRH-R type A; GfB, goldfish GnRH-R type B.
GnRH-R2 showed the same preference of potencies for GnRH ligands with cGnRH-II Ͼ sGnRH Ͼ mGnRH Ͼ mdGnRH and exhibited the almost same EC 50 value for cGnRH-II (0.52 and 1.0 nm, respectively). However, there was a significant difference in the ligand selectivity between GnRH-R1 and GnRH-R2: The sensitivities of GnRH-R1 for sGnRH, mGnRH, and mdGnRH were approximately 100 times greater than those of GnRH-R2.
It is noteworthy that GnRH-R2 exhibited less sensitivity for mGnRH than did GnRH-R1. An acidic residue in the third extracellular loop of mammalian GnRH-Rs (i.e., Glu 301 in the mouse and Asp 302 in the human GnRH-Rs) is thought to be responsible for high selectivity for mGnRH ligand form, which possesses Arg in position 8 (35) . The acidic residue in the third extracellular loop is also conserved as Glu 308 in the medaka GnRH-R2 but is replaced by His 311 in the medaka GnRH-R1. Therefore, the lower sensitivity of GnRH-R2 for mGnRH was an unexpected observation. It could be that the GnRH-Rs in the medaka have different ligand-binding sites from mammalian GnRH-Rs.
Another intriguing aspect of the pharmacology of the medaka GnRH-Rs is the finding that both receptors exhibited highest selectivities for cGnRH-II, physiological function of which is still unknown. This GnRH form occurs along with one or two other forms in all vertebrates examined so far including humans (36) and the medaka (24) . The cGnRH-IIproducing neurons are distributed in the midbrain tegmentum and project their axons throughout the brain (3-5). These 
FIG. 4. Genomic Southern blot of the medaka GnRH-R1 and
GnRH-R2 genes. Genomic DNA digested with DraI, Eco T14, HindIII, or PstI was electrophoresed and hybridized with the GnRH-R1-and GnRH-R2-specific probes.
FIG. 5. The chromosomal locations of the medaka GnRH-R1 and
GnRH-R2 genes. Map distance from the top locus is described in terms of centimorgans (Kosambi mapping function) in parentheses. The expressed sequence tagged sites and phenotypic markers are described with boldface characters. Markers within boxes showed no recombination in 39 meioses. The locations of the markers (except the GnRH-R1 and GnRH-R2 genes) have all been previously reported (27) .
lines of evidence suggest the importance of cGnRH-II in the central nervous system. Additional characterization of cGnRH-II and its possible receptor(s) will facilitate the understanding of physiological roles of this GnRH form.
We also examined the expression of the two GnRH-Rs in the brain and pituitary of the medaka. RT-PCR analysis demonstrated the presence of mRNAs for both GnRH-R1 and GnRH-R2 in the pituitary glands of adult medakas, suggesting that both receptors are implicated in the stimulation of gonadotropin secretion from this tissue (data not shown). In the medaka, mdGnRH is considered to be the hormone that stimulates gonadotropin secretion (23) . Thus it is surprising that both of the GnRH-Rs expressed in the pituitary exhibited less sensitivity to mdGnRH than the other two native ligand forms in the medaka. One possible explanation for this phenomenon is that an additional GnRH-R that prefers mdGnRH exists in the pituitary besides the GnRH-R1 and GnRH-R2. The possibility of the occurrence of a third GnRH-R will be discussed below.
In addition to expression in the pituitary, GnRH-R1 and GnRH-R2 were found to be expressed throughout the brain (data not shown). This observation predicts physiological roles for these two receptors in the brain, although the precise functions of GnRHs in this organ remain to be elucidated. Several lines of evidence have demonstrated that GnRH, when administered in the brain, promotes the lordosis reflex, a sexual receptive behavior of the female rat (37, 38) . GnRH was also shown to modulate reproductive behavior in teleosts including the dwarf gourami Colisa lalia and goldfish (39, 40) . One or both of the two GnRH-Rs, therefore, may mediate GnRH function as a neurotransmitter and neuromodulator to regulate reproductive behaviors. We did not observe any difference between the expression patterns of GnRH-R1 and GnRH-R2 in the central nervous system of the adult medaka. Thus, the natures of their physiological roles are still obscure. It is necessary to conduct further studies to determine their spatiotemporal expression and distribution patterns in detail.
A single vertebrate species has at least two distinct GnRH-R subtypes
Within the teleost lineage, the occurrence of two separate genes has been reported for several substances including a homeobox gene (41) , cytochrome P450 aromatase (42, 43) , rhodopsin (44) , and synaptosome-associated protein (45) . The duplicity of these genes is thought to result from a genome duplication early in teleost evolution after the divergence of teleosts and tetrapods (46 -48) . Thus, one may suspect that the presence of the two GnRH-Rs in the medaka reported in the present study was likewise caused by a duplicative event within the teleost lineage and is therefore a restricted characteristic of this lineage. GnRH-R1 and GnRH-R2 are, however, highly divergent, sharing only 43% overall amino acid identity and 53% identity even in the relatively highly conserved TM domains. Furthermore, phylogenetic analysis revealed that the two GnRH-Rs in the medaka fell into distinct lineages, each of which contains the bullfrog GnRH-R(s). These data indicate that the medaka GnRH-R genes cloned here arose from a gene duplication predating the divergence of teleosts and tetrapods. Hence, the GnRH-R1 and GnRH-R2 should be representatives for different GnRH-R subtypes, and the occurrence of these two GnRH-R subtypes would be a common characteristic in teleosts and tetrapods. In support of this notion, we have also identified a GnRH-R1-like gene, in addition to a previously reported counterpart of the medaka GnRH-R2 (16) , in one of the most primitive teleost species, the eel Anguilla japonica (unpublished data).
In contrast, phylogenetic analysis demonstrated that two GnRH-Rs isolated from another teleost species, the goldfish (8), are variant forms within the same subtype. This might result from the genome duplication early in the evolution of teleosts. The bullfrog has been shown to possess three GnRH-Rs in its central nervous system, designated GnRH-Rs 1, 2, and 3 (19) . However, the present phylogenetic analysis also placed the bullfrog GnRH-Rs 1 and 3 in the same lineage, suggesting that these two receptors in the bullfrog are also duplicated variant forms within a single subtype. In this amphibian species, several or all genes, probably including GnRH-R genes, may be duplicated, similar to the Xenopus. This idea is consistent with the result of genomic Southern blot analysis performed by Wang et al. (19) , which showed two bands for the other GnRH-R in the bullfrog, the GnRH-R2. Therefore the present paper, in combination with the recent studies of the bullfrog and primates, provides evidence that a single vertebrate species has at least two distinct GnRH-R subtypes.
Evolution of vertebrate GnRH-R subtypes: the possible occurrence of three GnRH-R subtypes in one organism
The medaka GnRH-R1 shares relatively high identity with the striped bass GnRH-R, and bullfrog GnRH-Rs 1 and 3. In addition, phylogenetic analysis clustered these genes into one lineage. Thus, it is certain that they form one subtype lineage of vertebrate GnRH-Rs. Phylogenetic analysis also showed that the recently reported second primate GnRH-Rs belong to this subtype group.
According to a widely accepted classification (18) , it is believed that the GnRH-Rs of teleosts including the catfish, goldfish, eel, and trout are orthologs to mammalian GnRH-Rs that lack a cytoplasmic tail. In this case, the medaka GnRH-R2 also should be classified into this subtype. However, this does not seem to be a true case because there are several crucial differences on the structural and pharmacological characteristics between the medaka GnRH-R2 and the mammalian GnRH-Rs. First, the medaka GnRH-R2 has a cytoplasmic C-terminal tail, which is absent in these mammalian GnRH-Rs. Second, the medaka GnRH-R2 gene consists of four exons separated by three introns, whereas the mammalian GnRH-R genes have three exons and two introns, resulting from the absence of intron A. Third, although relatively conserved TM domains were used for sequence alignments, the amino acid identities between the medaka GnRH-R2 and the mammalian GnRH-Rs were substantially low. Finally, the pharmacological studies have demonstrated that the medaka GnRH-R2 has over 100 times higher selectivity for cGnRH-II than the other GnRH ligands tested, but the cytoplasmic tail-lacking mammalian GnRH-Rs prefer mGnRH over other forms, including cGnRH-II. Therefore, similar to GnRH-R1, GnRH-R2 is not likely to be the medaka ortholog to the mammalian GnRH-Rs that lack a cytoplasmic tail. The phylogenetic tree constructed using the Drosophila GnRH-R homologue as an outroot indeed assigned the medaka GnRH-R1 and GnRH-R2 and the cytoplasmic taillacking mammalian GnRH-Rs to three separate lineages with high bootstrap values for principal nodes. These data led us to the idea that there may be three paralogous lineages in the evolution of vertebrate GnRH-Rs. Accordingly, it is logically possible that one vertebrate species has three distinct GnRH-R subtypes.
Based on the logic mentioned above, we propose a possible classification of vertebrate GnRH-R subtypes. The first subtype contains the medaka GnRH-R1, striped bass GnRH-R, bullfrog GnRH-Rs 1 and 3, and second primate GnRH-Rs. The upper lineage in the phylogenetic tree represents this subtype, possessing a cytoplasmic C-terminal tail but lacking intron A. The second subtype represented by the middle lineage in the tree includes the medaka GnRH-R2 and other GnRH-Rs found in several teleosts, amphibia, and chickens. This subtype also has a cytoplasmic tail, and its gene contains intron A. The third subtype represented by the lower lineage in the tree contains only the GnRH-Rs that have been found in mammals. Unlike the first and second subtypes, the third subtype lacks a cytoplasmic tail and also lacks intron A.
In humans, only one functional GnRH-R has been identified to date. It is uncertain whether other functional GnRH-Rs occur in humans. Recently, Millar et al. (49) have found the human genomic DNA sequence showing high homology of over 40% with the functional human GnRH-R and referred to it as a putative second GnRH-R, but its transcript could not be detected. Instead of the putative second GnRH-R-encoding sense DNA, its antisense DNA is shown to be highly transcribed in various tissues and encodes a ribonucleoprotein (50) . This putative second GnRH-R gene contains only two intronic sequences, the locations of which are the same as introns B and C in the medaka GnRH-R genes. Also, this human gene sequence resembles the second GnRH-Rs in primates (20) , which belong to the same subtype group as the medaka GnRH-R1 as described above. Therefore, humans would have the second GnRH-R subtype that is orthologous to the medaka GnRH-R1, although it could have become a pseudogene during evolution. It is of interest to note that a GnRH-R gene that has intron A, which the medaka GnRH-R2 possesses, has not been identified in humans. However, the present phylogenetic analysis logically suggests the existence of a human ortholog of the medaka GnRH-R2. Further studies are required to determine whether humans possess another GnRH-R gene that contains intron A.
Conservation of synteny is often seen between the genomes of humans and teleosts including the medaka and zebrafish (27, 46 -48, 51, 52) . This phenomenon allows the definition of the relationship between genes of humans and these teleosts. The human GnRH-R gene was mapped to 4q13-21 (53) , and the putative second GnRH-R sequences in the human genome were to 1q21.1 (49) and 14q21-q23 (50) . In spite of our expectations, the present mapping of the medaka GnRH-R genes failed to find syntenies of these genes owing to the lack of appropriate genetic markers located near the GnRH-R genes. However, when the markers in the medaka linkage map grow denser in the near future, the present mapping would illuminate the evolutionary relationships among the diversified GnRH-R subtypes. Then it also could be determined whether the medaka has the orthologous gene to mammalian GnRH-Rs that probably consists of three exons/two introns and encodes a cytoplasmic tail-lacking receptor.
In conclusion, the present study has identified two distinct GnRH-R subtypes in a model teleost species, the medaka. Their genes have different structures and distinct chromosomal locations. The two receptor subtypes also showed distinct ligand preferences, with each receptor exhibiting particularly high sensitivity for cGnRH-II. Phylogenetic analysis proposed that a third GnRH-R subtype may remain to be found in the medaka.
